Crystal structures which have been proposed as possible high-pressure phases of some rocks and minerals are tested by comparing predictions of their pressurdensity Hugoniots with shock-wave Hugoniot data. The predictions are based on tentatively established systematic variations of bulk modulus and its pressure derivative with density, composition and crystal field effects. This procedure avoids the ambiguity of extrapolating to zero pressure data which do not clearly define: a high-pressure phase. New or more strongly supported interpretations of crystal structure are obtained in seven of the 12 cases considered. More than one phase transition seems to be involved in bronzitite and fayalite. Perovskite is a likely structure for the highest-pressure phase of bronzitite. Electronic spin transitions in Fez+ and Fe3+ seem to be required to explain the high densities of the magnetite and haematite high pressure phases, and are likely to be involved also in fayalite and Mooihoek dunite. Eclogite data do not clearly define a high-pressure phase, but high-pressure densities approach those of the isochemical mixture of oxides. The high-pressure almandite-pyrope garnet phase seems to have a lower zero-pressure density than previously inferred, but may still be in the ilmenite structure as suggested. The exceptionally high densities attained by the forsterite and enstatite ceramics are reaflirmed. Forsterite seems to achieve a phase about 10 per cent denser than the isochemical oxides mixture, possibly in the K,NiF, structure. Previous interpretations of Twin Sisters dunite, spinel and rutile high pressure phases are rea&med.
Introduction
Shock-wave compression experiments on geophysically interesting materiaIs have demonstrated that many minerals and rocks, and some oxides, undergo phase changes within the range of pressures of the Earth's mantle (e.g. Al'tshuler, Trunin & Simakov 1965; McQueen et al. 1967a) . In most cases, in addition to their role as constraints on the equation of state of the high-pressure phase, the Hugoniot data are the only direct evidence as to the identity of the high-pressure phase.
The dual problem of the identification of the high-pressure phase and the determination of its equation of state has been considered in a number of studies, notably In this paper a slightly different approach to the identification of the high-pressure phases which avoids this difficulty is dzmonstrated. The method is to use crystalchemical estimates of density of proposed crystal structures combined with empirically established or suggested relations between density, bulk modulus and other parameters to predict the Hugoniots of the proposed phases. Direct comparison with the Hugoniot data is then used as a guide to identification. The empirical basis of the predictions is not well established, but the present demonstration shows it to be sufficient to give some insight into the more difEcult cases.
To demonstrate and gauge the usefulness of the approach, Hugoniot data for a variety of rocks and minerals will be considered. Still the largest body of relevant data is that of McQueen, Marsh and Fritz (1967a) . Their data for 12 rocks were published by McQueen et al. (1967a) , and for the high-pressure phases of some other minerals and oxides by Birch (1966) . The lower-pressure data for the latter minerals and oxides were obtained from McQueen (1966, private communication) . Other shock-wave data used here are referenced in the appropriate figures.
Estimation of Hugoniots
In order to obtain a reasonable estimate of a Hugoniot of a high-pressure phase, one must have estimates of the zero-pressure density, p, bulk modulus, K, pressure derivatives of the bulk modulus, K', transition energy, E,, and an estimate of the behaviour of the Griineisen parameter y (see next section). The density and the bulk modulus are the most important of these.
Likely candidate structures for the high-pressure phases of relevant silicates and oxides have been elucidated primarily by the work of Ringwood and his colleagues (see, for example, Ringwood 1969 Ringwood , 1970 . For many of these structures, they have demonstrated systematic relationships between bond length and molar volume, and have used these to predict the densities of some proposed phases which have not been observed. Such predictions for many of the phases to be considered here have been given by Ahrens et al. (1969) 'and Davies & Anderson (1971) , and others used here have been estimated in the same way. In addition, the densities of mixtures of oxides, or of phases (such as those in the strontium plumbate structure) which have about the density of the mixture of component oxides, have been calculated as the molar average of the molar volumes of the oxides. Birch (1961) demonstrated an empirical relationship between compressional elastic velocity and density of silicates and oxides, and since then a number of analogous relationships have been proposed between various elastic properties and density. Among these, McQueen, Fritz & Marsh (1964) and Wang (1968a) suggested that the bulk sound speed (c = J(K/p)) should be even less sensitive to structural details and therefore even better described by such a law, and D. L. Anderson (1967) proposed a logarithmic relationship between the seismic parameter (@ = c2) and density. In addition, D. L. has proposed that Q, for silicates is reasonably approximated by the molar average of the 0 ' s of the component oxides. The estimates of bulk modulus obtained here are based on a combination of these proposed relationships. It must be emphasized that the particular scheme used here is not being portrayed as better than any of the others, but as a convenient and equally reasonable one. It is likely that deviations from any kind of systematic behaviour are as great as the differences between particular empirical relationships. Fig. 1 is a @ versus density (p) plot on which are shown a number of different silicates and oxides. This displays the two trends which have been noted in velocitydensity plots: Q, increases with density at constant mean atomic weight, and @ decreases with increasing iron content within a given structure. It is also apparent that, consistent with the first of the above trends, @ increases with density as a substance undergoes phase changes to denser forms, e.g. as SOz goes from a-quartz to coesite to stishovite, and fayalite goes from the olivine (a) to the spinel (' ) forms. Also shown in Fig. 1 are the points (open circles) where some ferromagnesian olivines, pyroxenes and garnets would plot if both their 0 and molar volumes were molar averages of those of MgO, FeO, SiO, (stishovite) and A1,0,. When joined to the points of the corresponding low-pressure phases of these substances, the trend is very similar to that already suggested for phase changes. (It has been suggested that some high-pressure phases, such as the olivines in the strontium plumbate structure, have properties very similar to those of the corresponding mixture of the component oxides, e.g. Ringwood 1969 Ringwood ,1970 Fig. 1 thus shows a consistency between different hypotheses-the trend on the 0 -p plot due to phase changes, and the proposed molar averaging of 0.
Circles) and some oxides mixtures (open ckles

Geoffrey F. Davies and Edward S. Galbey
The Ws of high-pressure phases have therefore been estimated as follows: The a-p point of either a low-pressure phase or the oxides mixture, or both, is plotted, and a line of the slope appropriate to phase changes is constructed through this point (or through both points). With the density of a given phase, estimated as described previously, the corresponding value of @ can then be read off the line. The bulk modulus K is then given by the product K = Bp. Points for solid solutions involving Fe substitution for Mg were taken as the average in molar proportions of the corresponding end members. This was done even for some low-pressure phases for which measurements are available, since these show some scatter.
The pressure derivative of the bulk modulus, (dK/dP) = K', although a less important parameter, still has some effect on the prediction of a Hugoniot. It was noticed by 0. L. that there was a tendency for K to decrease with increasing density at constant mean atomic weight. Fig. 2 Fritz & Marsh (1963) showed that a good estimate is given by the product of the transition pressure and the change in specific volume through the transition. The transition pressures of most of the phase changes considered here can only be inferred from the Hugoniot data, which usually gives an overestimate. Also, only estimates of the zero-pressure difference in specific volumes are available in advance, and this is an upper limit to the change in specific volume at the transition pressure. Therefore, the transition energy was estimated to be one-half of the product of the Hugoniot estimate of the transition pressure and the zero-pressure difference in specific volumes. For comparison, for the a-quartz to stishovite transition this gives 11 x lo9 ergg-', compared with a measured value of 8 . 2~ lo9 ergg-' (Holm, Kleppa & Westrum 1967) .
The Griineisen parameter, y, of dense oxides and silicates is usually in the range 1-2-1-6 (see, for example, 0. The effect of errors in the estimates of the parameters considered in this section must be considered. The effect of errors in the density will be evident from comparisons of the estimated Hugoniots of different phases. The effect of errors in the bulk modulus is to change the pressure at a given density in proportion to the bulk modulus. The effects of errors in K' and yo are illustrated in Fig. 3 , which shows estimates of the strontium plumbate Hugoniot of Twin Sisters' Dunite (cf. Fig. 4 ) compared with the Hugoniot data. Specifically, the effects of changing IS from 3.6 to 4-0 and of changing yo from 1.5 to 1.0 are illustrated. It will become apparent that errors of that magnitude are secondary, and probably do not have much effect on the conclusions reached here. Errors in other parameters have even less effect. The estimated zero-pressure values of p, a, K , K' and the transition energy Et are given in Table 1 for a series of proposed phases of each of the substances considered here. Data which were available for low-pressure phases are referenced in Table 1 .
Low-spin iron compound Hugouiofs
Properties of phases involving iron in the low-spin electronic state, which are among those to be discussed here, require special consideration. Gaffney (1972) and GaRney & Anderson (1972, unpublished) have suggested that the iron-rich Mooihoek dunite and fayalite might go to the calcium ferrite structure with Fe2+ (low spin) in six co-ordination. Their predictions of density, K and K' for these phases will be used here (Table l) , except for the density for the Mooihoek dunite. The density of 4.76 g ~m -~
given by them is for MgFeSi04, whereas the Mooihoek dunite composition is (Mg.46Fe.54)Si04, or (Mg.,, Fe.,,)FeSiO, (McQueen et QZ 1967a) . Allowance for the additional iron content gives a density of about 4-82 g
In addition, three other low-spin iron phases are proposed and investigated here: magnetite (Fe304) in the calcium ferrite structure with Fe3+ (low spin) in six coordination and Fe2+ (high spin) in eight co-ordination; haematite (Fe,03) in the corundum structure, but with Fe3+ low spin; and, for magnetite, a mixture of FeO (rock salt, low spin) and Fe203 (corundum, low spin).
The density of Fe304 (calcium ferrite, low spin) was estimated from the molecular volume-ionic radii systematics for this structure given by Gaffney & Anderson (1972, unpublished) using the ionic radii for Fez+ (low spin, 0.61 A) and Fe3+ (low spin, 0.55 A) of Shannon & Prewitt (1969) . Note that the resulting densities differ considerably from those given by Ringwood (1970) Graham & Barsch (1969) .
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The Fe203 (low spin) density was also estimated from molecular volume-ionic radius systematics. Gaffney & Anderson (1972, unpublished) were not able to establish any systematic behaviour of the compressibility of compounds relevant to Fez03 in the low-spin state, so the systematics of Fig. 1 were used to estimate the bulk modulus of Fez03 (low spin). The few available data for sesquioxides suggests that there may not be a large crystal field effect on the compressibility of these compounds. Likewise, for lack of relevant data, the bulk moduli of the proposed Fe,O, phases were estimated from the molar average of the Ws of Fe203 (low spin, estimated as above) and either FeO (high spin) or FeO (low spin). The value of K estimated for Fez03 (low spin) is found to give a reasonable fit to the data (see later).
The quantities estimated as described in this section are included in Table 1 .
Equation for Hugomots
An equation relating Hugoniot pressure, PH, to the pressure on the principal adiabat, P,, has been given by, for example, McQueen et al. (1963) and Ahrens et al. (1969): where y is the Griineisen parameter, p is density, pl0 is the initial density of the shocked sample, Et is the transition energy at zero pressure of any phase change involved and AU is the change in internal energy along the principal adiabat between the zeropressure volume Vo and the volume V = l/p:
The pressure on the prjncipal adiabat has been calculated here using the BirchMurhaghan equation (e.g. Birch 1952):
where KO is the zero-pressure adiabatic bulk modulus, KIO is its adiabatic pressure derivative and
is the ' Eulerian ' strain parameter.
A formula for y can be derived by expanding the mean squared lattice eigenfrequency, 2, to second order in strain, and merehtiating (Davies 1972 (Davies , 1973 
Comparison of estimated Hugoniots with data
In Figs 412, Hugoniots calculated from the estimated parameters given in Table 1 for the various proposed phases of the substances considered are compared with Hugoniot data, the sources for which are given in the figure captions. It will be seen that the data at lower pressures generally lie close to the Hugoniot of the initial lowpressure phase, that there is an intermediate pressure range in which the data deviate towards higher densities, and that in some cases there is a high-pressure range in which the data are sub-parallel to one or more of the predicted Hugoniots, and may be coincident with one of them. It is the high-pressure range which is of most interest here, for it suggests the phase (or phases) which the substance will reach within the pressure range of the lower mantle.
Of course, the interpretations given here are dependent on the predicted parameters of the Hugoniots, and probably the most crucial of these is the bulk modulus. This point will be noted in the discussions of some of the individual cases. It may be noted here that the calculation of the Hugoniots takes into account the effect of any initial porosity of the samples (by taking p',, to be the actual, rather than the ideal density). In some cases, however, there was some scatter in the initial densities (McQueen et al. 1967a), so this accounts for some of the scatter of the data.
The zero-pressure densities of the high-pressure phases inferred in some previous studies are summarized in Table 2 , along with the zero-pressure densities resulting from the interpretation preferred in the present study. Those cases where the inferred density is substantially Merent (usually greater) than previously inferred are marked with an asterisk. The densities of the isochemical mixtures of oxides are included for comparison.
The different substances will now be discussed individually. Since most of the candidate structures for high-pressure phases have been discussed previously, extensive references will not be given. A general reference is the review by Ringwood (1970) . 
Dunites, forsterite, fayalite
The Twin Sisters dunite Hugoniot data and estimated Hugoniots are compared in Fig. 4 . In this case, the Hugoniot estimated for the strontium plumbate structure (which closely approximates the mixed oxides density) is in excellent agreement with the Hugoniot data above 700 kb. This findiilg agrees with those of other reductions of these data (Table 2) . For the Mooihoek dunite, on the other hand, the high-pressure data are at higher densities than the predicted strontium plumbate structure (Fig. 5) . The K,NiF4 structure Hugoniot, shown dashed, passes through the data, but its slope appears to be a little high. On the other hand, the Hugoniot for the calcium ferrite structure, predicted from properties given by Gaffney & Anderson (1972, unpublished) gives a good fit to both the density and slope of the data. (It should be noted that Gaffney & Anderson estimated somewhat lower values for K' than would be estimated from Fig. 2 . This accounts for the lower slope and some of the density increase, at higher pressures, of their curves.) Consideration of the systematics of iron substitution may help to distinguish between these possibilities.
The high-pressure fayalite data, Fig. 4 , are also denser than the estimated Hugoniot for the strontium plumbate structure, but there are fewer data and it is more difficult to draw conclusions. It is tempting to group the data as two separate phases-one between about 500 and 900 k5, the other above 1 Mb. Two pairs of Hugoniots, the strontium plumbate and K2NiF4 Hugoniots estimated here (dashed), and the strontium plumbate and low-spin calcium ferrite Hugoniots (solid) estimated from Gaffney & Anderson (1972, unpublished) , have separations which would be compatible with this interpretation of the data, the latter pair giving excellent fits to the respective groups of data.
The forsterite high-pressure data are considerably denser than either the strontium plumbate or K,NiF4 estimated Hugoniots (Fig. 5) , and denser even than the Twin Sisters dunite data (Fig. 4) , in spite of the fact that the forsterite has a lower formula weight and considerable initial porosity, which tends to displace the Hugoniot to Geoffrey F. Davits and Edward S. Gaffney Thus it may be speculated that the higher initial porosity, and consequent higher temperature, of the forsterite promoted a disproportionation reaction to, say, MgSiO, @erovskite)+MgO (rocksalt), which would have a density comparable to or greater than that of the K,NiF,, while the dunites and fayalite attained only single phases. It may also be significant that the magnesium-rich members of this series do not transform directly from the olivine to the spinel structures, but go through the P-Mg2SiO4 intermediate phase, although it is not known whether the factors detennicing this would carry through to the denser phases.
PR~TERI~E ANB M O~~H O E~ D U N~E
Ceramic forsterite, like ceramic enstatite (see next section) seems to be exceptional. The remaining three members of the series behave more systematically. Thus both the Mooihoek dunite and the fayalite appear to reach densities greater than those of the (high-spin) oxides mixtures, and this may correlate with the greater iron content of these rocks. The best possibility seem to be that a transition to the calcium ferrite structure accompanied by a spin transition in some of the iron has occurred, although it is not clear why the transition should apparently occur at lower pressure for the Mooihoek dunite than for the fayalite. If a spin transition in the iron had occurred in the Twin Sisters dunite, its effect would hardly be resolvable because of the lower iron content. The low values of K' which seem to be required to fit the iron-rich members may be due to the presence of low-spin iron or possibly the effects of nonideal mixing. The zero-pressure densities of Mooihoek dunite (4.82) and fayalite Davies & Anderson 1971 ) that any phase changes involved in the bronzitite were probably not complete, because the Hugoniot data extrapolated to anomalously low densities with an anomalously low bulk modulus. Fig. 6 suggests that the bronzitite reaches at least the density of the mixed oxides, and possibly of the perovskite structure. This can also be seen by comparison with the Twin Sisters dunite data-the bronzitite data reaches higher densities at about 1 megabar than the dunite, which has a very similar initial density. According to this interpretation, the phase transition extends over a very large pressure range, especially for the Stillwater bronzitite, and the reason for this may be that there are in fact two phase transitions in this r a n g e o n e to perhaps the ilmenite structure, and the second to the perovskite structure. Although the mixed oxides Hugoniot is shown in Fig. 6 , it seems unlikely that an actual dissociation would take place in the microsecond-duration shock-wave, since even transitions to a single high-pressure phase require considerably higher pressures in shock experiments than in static compression experiments. Since there has been no single phase proposed which has the density of the oxides, this Hugoniot seems a less likely candidate to explain the Hugoniot data. Of course, the oxides mixture may still be a stable assemblage at some pressures, and might therefore occur in a static experiment, or in the Earth. Again, the zero-pressure density of the densest phase (perovskite) inferred here is considerably greater than has been inferred previously ( Table 2) . Ringwood (1970) and Ahrens & Gaffney (1971) have suggested that enstatite might also transform to the garnet structure, or disproportionate to /3-Mg2Si0, plus stishovite (with a density intermediate between the garnet and ilmenite structures). The disproportionation again seems unlikely, and there is little suggestion in Fig. 6 that anything of this density or that of the garnet is involved, unless it is much more compressible than estimated here.
The data for ceramic enstatite of McQueen et al. (Birch 1966) are also shown in Fig. 6 . No Hugoniots have been calculated for pure enstatite because these data seem to reach such anomalously high densities, even though the enstatite should be less dense than the bronzitites (85-88 per cent enstatite-12-15 per cent ferrosillite). It is possible that the bulk moduli of the high-pressure phases have been greatly overestimated here, and that the bronzitite reaches only the ilmenite structure, and the enstatite possibly the perovskite structure, but it is difficult to understand why such an ilmenite phase, for instance, should be so much more compressible than the highpressure phases of Twin Sisters dunite, which appears to be well described by the present predictions. A similar (but less severe) problem is encountered with the forsterite ceramic data (see previous section). Ringwood (1970) predicts that the pyroxene-ilmenite transition would take place at 200-300 kb for enstatite. The bronzitite Hugoniot data suggest that the transition begins between about 200 and 400kb depending on the sample. The pyroxene Hugoniot calculated from the parameters of Frisillo & Barsch (1972) deviates from the data below 200 kb, suggesting that a phase transition may take place at lower pressures. If the perovskite phase is achieved at higher pressures, the Hugoniot data suggest that under static conditions it would begin somewhere below one megabar-possibly in the range 500-800 kb.
Garnet
It was suggested by Ahrens & Graham (1972;  see also Graham & Ahrens 1973 ) that their specimens of almandine-pyrope garnet had transformed to the ilmenite structure with a zero-pressure density of about 4 * 4 4 g~m -~. The presently estimated Hugoniot of this phase (Fig. 7) is significantly denser than the data. Graham & Ahrens (1973) were only able to fit them by requiring a considerably higher bulk modulus and lower pressure derivative (respectively, 3.2 Mb and 2.6) than were estimated here (2-35Mb and 5). The trend of the data is roughly parallel to the estimated ilmenite Hugoniot, and the data could be fitted using a zero-pressure density of about 4-38 g~r n -~. Since Ahrens & Graham (1972) estimated a density of 4.41 g from molar volume-ionic radii systematics for the ilmenite structure, this density may still be compatible with the ilmenite structure interpretation, especially if the duration of the shock is insufficient for optimum ordering of the cations to be established. 
Eclogite
Since it is unlikely that the two major minerals of eclogite pyroxene (omphaciticaugite) and garnet (almandine-pyrope-spessartite), would react significantly during the passage of the shock wave, eclogite should be treated simply as the sum of two components. This means that there is a large number of possible combinations of phases of the two components, discussed in the previous two sections. In Fig. 8 are illustrated just three possible high-pressure stateswhen both components are in the ilmenite, mixed oxides or perovskite phases, respectively. The Hugoniots shown were estimated for the Sunnmore (Norway) eclogite. Both eclogites seem to undergo phase changes, but neither seems to involve a very great density increase, and neither seems to be complete. Even if it is assumed that the garnet component is in the phase discussed in the last section (ilmenite?) there is little evidence of a large increase in the density of the pyroxene component, as was seen in the bronzitite (note that the garnet data discussed in the previous section extend only to 650 kb). Nevertheless, the data can be seen to approach the density of the oxides mixtures, a fact which was not previously obvious (Table 2 ).
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Magnetite
The magnetite data, Fig. 9 , display a phase change involving a very large density increase, as has been noted in previous studies (McQteen et al. 1967a; Anderson & Kanamori 1968; Ahrens et al. 1969; Davies & Anderson 1971) . There is some suggestion of a phase of intermediate density between 600 and 900 kb, but the data are insufficient to resolve this possibility. Transformation to the calcium ferrite structure is clearly insufllcient to account for the data above 900 kb, even assuming the Fe3+ to be low-spin in this structure. Only the combination of FeO (rocksalt, low spin) and Fe203 (corundum, low spin) appears to yield high enough densities (in fact, a little too high). This combination gives a Hugoniot slope which closely matches that of the data. (1972, unpublished), all of the cations have the same nuclei and Fez+ and Fe3+ can change positions merely by moving an electron. Although a compensating movement of anions is required, the total process may not involve a very large kinetic barrier. However, a disproportionation need not be invoked if a single phase with the right characteristics could be proposed. The main requirement, satisfied by the rocksaltcorundum combination, is that all of the cations be octahedrally co-ordinated, so that all can undergo spin transitions (the spin transition would probably not be possible at these pressures in other co-ordinations: Gaffney 1972). In any case, the density of the high-pressure magnetite phase seems to be good evidence that an electron-spin transition is involved.
Haemati te
Again, the data indicate a phase change involving a considerable increase in density, greater than can apparently be accounted for by the B-rare-Earth or even the perovskite structure (Fig. lo) , and somewhat greater than was previously evident ( Table 2 ). The Fe203 (low-spin) Hugoniot shown in Fig. 10 approaches the data fairly closely. A slight reduction in bulk modulus would improve this agreement. A spin-transition thus appears to be involved in this case also. A curious feature of the data at lower pressures is their offset to lower densities than the corundum structure (high-spin) Hugoniot. Corundum itself retains some shear strength up to about 200 kb, and such an offset is observed as a result (Ahrens et al. 1968) . Although it is possible that the same effect is present in haematite, its persistence to over 400 kb would be the most extreme case yet observed. It seems more reasonable to assume there was ilmenite intergrown with the haematite. This would imply an even greater density contrast between the low-and high-pressure phases. 
Spinel
The high-pressure phase is very well defined by the data, and is in excellent agreement with the predicted calcium ferrite structure Hugoniot (Fig, 11) . There is also some offset of the data to lower densities in the low-pressure range, as was noted for haematite.
Rutile
The phase change exhibited by rutile (Fig. 12 ) was discovered and discussed by McQueen, Jamieson & Marsh (1967b) . The fluorite structure, suggested by them as the high-pressure phase, gives excellent agreement with the data according to present estimates, although the density estimate is a little uncertain (see Ahrens et al. 1969 ).
conclusiom In a few of the simpler cases, namely the Twin Sisters dunite, spinel and rutile, good fits of the predicted Hugoniots with the data have been obtained in a fairly unambiguous way. In some other cases, the exceptional character of the highpressure data has been clearly exhibited, and an interpretation elucidated. Thus, the bronzitite and fayalite data suggest more than one successive phase change, and the magnetite and haematite high-pressure phases appear to require electron spin transitions to account for their high densities. Spin transitions are a strong possibility in fayalite and the Mooihoek dunite, also. The exceptionally high densities attained by the forsterite and enstatite ceramics have been reafEirmed but no good explanation has been given here.
Of the 12 substances considered, the interpretations of the high-pressure phases made here would have been difficult to reach on the basis of downward extrapolation of the high-pressure data for fayalite, bronzitite, eclogite, haematite and rutile because of poorly defined high-pressure phzses. Significantly greater zero-pressure densities than previously inferred have been obtained for Mooihoek dunite, fayalite, bronzitite, eclogite, magnetite and haematite (' Table 2 ). New or more strongly supported interpretations of the high pressure phases of Mooihoek dunite, fayalite, bronzitite, eclogite, magnetite, haematite and rutile have been given.
